ABSTRACT This paper studies the optimal synthesis design of adjustable six-linkage mechanisms in metalmold die-casting systems. The synthesis process is extremely complex because of higher order structures, collision-free constraints, and multiple loci in the solution space. Therefore, a twin-space crowding genetic algorithm was used to solve the design problem with the multiplicity of solutions. To verify the effectiveness of the proposed approach, this paper first studied the function generation problems for adjustable four linkage-bar structures in the literature, and compared these with a numerical local optimization method. From the comparison result, multiple and more precise design solutions can be obtained with the proposed approach. The synthesis design problem for collision-free adjustable six-linkage bars was then solved and discussed. The simulated experiments demonstrated the promising result of the proposed approach.
I. INTRODUCTION
Industry companies typically adopt linkage mechanisms to perform dedicated manufacturing tasks because of their costefficient, fast and stable operations compared to other types of devices such as serial-link robots. However, because of the limited degrees of freedom for planar linkages, it is difficult to synthesize linkage structures to satisfy complex tasks, such as performing an exact function generation and supporting multiple manufacturing paths [1] - [3] . Adjustable linkages are often used in these situations.
Some studies have explored the synthesis design of adjustable linkages based on an adjustable pivot position [4] . These studies mainly focused on motion generation [5] or function generation [6] . Naik and Amarnath [7] designed a five-bar linkage and used the fifth bar to adjust the pivot for motion generation problems. Zhou [8] used a similar design for function generation tasks, but added additional three bars to cooperate with the fifth bar to form a parallel four-edged shape. Ganesan and Sekar [9] designed a four-linkage-bar with an adjustable ground pivot to generate a rectangular path.
Other studies have designed linkage-bars with adjustable bar lengths to solve the synthesis problem. Hong and Erdman [10] studied planar and spatial adjustable four-linkage bar structures with adjustable input and output bar lengths to perform motion guiders. Soong and Chang [11] studied a procedure to solve function-generation problems for four-bar linkages with variable length driving links. However, it is difficult to synthesize stricter paths for low-order linkage structures, and as such a higher-order structure is chosen. For example, Shimojima et al. [12] designed six-linkage bars with twin four-linkage-bar structures based on a shared symmetrical bar to generate a straight line and an L-shaped path.
This paper studies the design problem of a transfer mechanism used in a metal-mold die-casting system (Fig. 1) . The mechanism performs a flexible transfer task containing multiple operation modes. In the operation flow, it loads different types of metal liquids, such as aluminum alloy and magnesium aluminum alloy, in different modes and transfers them to different injection holes to ensure a favorable manufacturing quality. Because of the difficulty in synthesizing multiple manufacturing paths, an adjustable six-linkage-bar structure was considered.
When synthesizing such high-order and adjustable linkage structures, if the designed structures are insufficiently precise, the accumulated component errors will result in high failure rates and the structures will be unsuitable for practical manufacturing work. Therefore, many studies [13] , [14] have investigated various synthesis techniques for the kinematical analysis of linkages. Graphical and analytical methods are the most explored techniques in the literature [15] but their applications are limited to finite precision points [16] . As computing power has grown, optimization methods have been used to improve solution capabilities. By minimizing coupling errors in the objective function, some evolutionary methods have been developed to solve optimal design problems [17] - [19] . However, the evolutionary synthesis of adjustable linkages for multiple manufacturing paths has rarely been discussed in literature. In this paper, we study an evolutionary approach to solve the precise synthesis of adjustable linkages on the basis of kinematical analysis including position, velocity and acceleration under a collision-free constraint. Moreover, to assist the design work, this paper further studied the solution multiplicity of synthesis design problems. In practice, it is of great help to mechanism designers to have multiple design solutions for choice.
In literature, genetic algorithms (GAs) have been proved to be able to achieve optimization through mimicking processes observed in natural evolution [20] - [22] . However, a simple GA (SGA) [23] cannot efficiently maintain multiple local or global solutions. Therefore, our previous work [24] has studied a niche genetic algorithm, the twin-space crowding GA (TSCGA), which improved the diversity of the SGA to efficiently explore multiple global solutions. Furthermore, its parameter-free paradigm is more suitable for engineering problems compared to other niche mechanisms with specific parameters such as the niche radius [25] , [26] . Therefore, this paper used the TSCGA to solve the design problems.
To verify the solution capability of the proposed approach, this study first examines the optimal function generation problems of adjustable four-bar linkages and compares the synthesis result with the previous work of Zhou [8] . The collision-free design problem of the adjustable six-bar ladle is then studied. In the ladle design, the proposed approach explored multiple design solutions which simultaneously satisfy the dimension synthesis, multiple paths and practical manufacturing constraints such as kinematical acceleration and collision-free constraints. These diverse solutions were studied and discussed in the simulated experiments. 
II. PROBLEM DEFINITION AND FORMULATION
The operation principle of the ladle mechanism is shown in Fig. 2 . In each transfer cycle, it first stops at the loading liquid line, and then begins to load the metal liquid. During the process, the ladle should reach the loading area without colliding with the boiler shell and transfer the metal liquid to the injection positions. Finally, the ladle moves back to the loading line to continue another round of operations.
According to the practical setup, the transfer mechanism should be designed under the condition that the start loading positions are limited to within the center area of the boiler but multiple injection positions are vertically set in the diecasting machine. Therefore, the synthesis problem studied in this paper is more complex compared to those with only one single manufacturing path [27] . To meet the requirements, the ladle is designed to have an adjustable output bar with multiple modes, in which each mode is set by the bar length and the associated input angle. Fig. 3 shows the principle of the structure and locating condition.
To model the collision-free synthesis problem, the kinematic equations of the adjustable ladle mechanism are first analyzed.
A. KINEMATICS ANALYSIS
Suppose that the variable set of fixed-length linkages is R = {r 1 , · · · , r 6 }, and r 7 is denoted as the base variable of the adjustable bar. In particular, there are d modes in the operation set D = r 7,i ,θ i ,θ i |1 ≤ i ≤ d where r 7,i is the length of the adjustable bar, andθ i andθ i are the initial and final values, respectively, of the input angle in the i-th mode. When analyzing the structure, pivot O is set as the origin point, and the other parameters can be derived on the basis of the pivot. A complete design should derive the kinematical equations related to the parameters containing the lengths of the linkage bars, the input angle, and the position of the other pivot C.
Although the length of the last bar of the studied linkage mechanism is adjustable, its value is fixed while operating in a specific operation mode. Therefore, we can analyze the kinematical equations of the mechanism operated in a fixed mode. By applying vector loop method for the position analysis of the studied linkage (as shown in Fig. 3(a) ), the equations can be formulated as follows:
and r 3 = r 4 + r 5 + r 6 + r 2 .
where the notation r is denoted as a position vector. Eqs. (1)- (3) can be differentiated to determine the velocities, and the velocity equations can be differentiated again to determine the accelerations. VOLUME 4, 2016 For example, Eq. (3) can be first rewritten by making use of the unit vectors i and j:
where r i is the length of r i , 1 ≤ i ≤ 9. Then, it can be differentiated to obtain the velocity equations:
where
The equations can be differentiated again to obtain acceleration equations.
The derivation steps above can be applied to Eqs (1) and (2) to obtain the complete equations. Then, we can solve the equations and obtain the position p x , p y of the ladle end (F point shown in Fig.3 ) as follows:
and p y = r 8 × sinθ 8 = r 9 × sinδ + r 4 × sinθ 4
The acceleration a x , a y of the ladle end can be also obtained:
Finally, the equations of p x , p y and a x , a y can be derived and organized to be only depended on the variables r 1 to r 7 , θ 1 , ω 1 and α 1 .
B. COLLISION-FREE CONSTRAINTS
During manufacturing operations, the collision-free constraint requires that the manufacturing path should be out of the area covered by the obstacles. In the study, the boiler is an obstacle although it is a manufacturing device; because of the multiple casting-points, the injection part in the metal-mold die-casting machine becomes an additional obstacle when the adjustable linkages perform under the different modes. Therefore, the collision area was modeled as a triangle set T which was customized to include the shapes of the boiler and the injection holes according to the practical manufacturing situation. The elements in the set were shown in Fig. 3(a) . Furthermore, the manufacturing path was modeled as a trajectory set J which contained a group of line segments connecting the trajectory points of the ladle end during the transfer operation. For an expected accurate level γ , it was formulated as J = {J k |1 ≤ k ≤ γ } where J k is the k-th line segment p F k−1 p F k , and p F k is the position of ladle end F when the input angle is set toθ i + k × (θ i −θ i )/γ in the i-th mode.
Based on the definitions above, the collision-free constraint function was defined as follows:
where ∩ i (.) computes the intersection value of the triangles (in T) and the line segments (in J) in the i-th mode.
In particular, the intersection evaluation between triangles and line segments is a classic mathematical problem, and some previous work (e.g. see [28] ) has provided program codes for the implementation. In the adjustable linkage design problem, the constraint value should be 0.
C. MANUFACTURING OBJECTIVE
Besides the constraints, the adjustable mechanism should have the capability to accurately locate both the loading and injection positions and to stably perform the transfer operation. Therefore, we defined a step objective function φ i (·) which converted the design objective into a scalar problem by constructing a weight-sum of the acceleration range in the operations and the locating errors at the loading and injection positions. It was formulated as follows:
wherex = p ip i andỹ = p ip i ; thresholdsε p andε p are the bounds of locating errors; β is the weighting factor between the acceleration and locating error; in the i-th mode,
a 2 x,j + a 2 y,j , and l is the number of the sampling points in the trajectory path;p i andp i are the expected loading and injection positions, andp i andp i are the actual positions of the ladle end p x , p y when the input angles are set toθ i andθ i , respectively.
D. THE OPTIMIZATION PROBLEM
On the basis of these definitions above, the optimal design problem is formulated as follows:
wherer j andr j are the customized bounds of r j .
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As formulated in the kinematical equations, some parameters such as the pivot point (C x , C y ), ω 1 , α 1 ,r j andr j are directly customized by the designer. For the other parameters in the linkage structures, we use the TSCGA to optimize their values.
III. SOLUTION BY USING A TSCGA
Although many state-of-the-art evolutionary algorithms (e.g. [22] , [29] - [31] ) have been reported to have good capability of exploring a single global optimum, they usually cannot efficiently maintain multiple local or global solutions for optimization problems. In general, the niching methods [32] can be incorporated into a simple EA to efficiently maintain formation of multiple stable subpopulations within a single population. Our previous work [24] thus proposed a crowding method, the twin-space crowding (TSC) method, to dynamically track the niche coverage and remove similar individuals within the niches. TSCGA can maintain a set of diverse solutions and has more promising solution capability compared to the other crowding methods such as the niche crowding GA [33] , the deterministic crowding GA [34] and the cluster crowding GA [35] .
The pseudo steps of the TSCGA method are summarized as Algorithm 1.
The algorithm steps were detailed in our previous work, and therefore, this paper focuses on the design of the coding schema and the selection of the genetic operators.
A. ENCODING AND DECODING SCHEMAS
In the coding schema, a complete linkage structure is encoded into a chromosome. That is, for a linkage with d-mode operations, the chromosome is encoded as follows:
The genes in each chromosome are denoted as the fixedbar length variables and a group of the adjustable bar length variable in an operation mode.
In the decoding phase, after the structure variables are decoded from the chromosome, a trajectory evaluation method is performed to find the best-fitting values for the initial and final angles,θ i andθ i , of the input angle variable θ 1 in the i-th mode. The pseudo steps are specified as Algorithm 2.
B. GENETIC OPERATORS
Because the selection operation has a strong impact on the diversity of the population and convergence, the tournament selection [25] was used to select chromosomes from the current population for the mating pool. For the crossover, we use simulated binary crossover (SBX) [36] . While using the SBX, the mutation is set up by a mutated value created by a perturbance factor derived from the probability distribution in the SBX and a random value in [0, 1]. These operators were also examined in our previous work [24] . For each chromosome, the fitness is evaluated from the objective equation of the optimization problem specified in Eq. (15) . Because a tournament selection is adopted, the fitness does not need to be scaled as is required in a proportional selection, such as the roulette-wheel method. Instead, a constraint dominance relation [37] is used to cooperate VOLUME 4, 2016 
whereθ andθ are the bounds of the input angle θ 1 , p i is the expected loading position, and p i is the actual position of the ladle end at θ 1 in the i-th mode. Record the input angle asθ i in the minimal condition. 2. Compute the minimal locating error at the end angle:
whereθ i is obtained in the first step, andp i is the expected injection position. Record the input angle as θ i in the minimal condition.
with the selection. In the dominance evaluation between two chromosomes, constraint violations are first compared; the objective values are then compared if the violations are the same. The superior one is chosen in the tournament selection.
IV. EXPERIMENTS AND DISCUSSION
The proposed GA flow to solve the linkage design problems is shown in Fig. 4 . To verify the solution capability of the proposed approach, the synthesis of adjustable four-linkage bars for function generation problems in the literature is first studied. In the case, the fitness functions are designed to include the expected design variables and objective according to the problem requirements in the work of Zhou [8] . Then, the proposed approach is used to solve the practical collisionfree design problem of an adjustable six-bar ladle for a metalmold die-casting system. 
A. OPTIMAL FUNCTION GENERATION OF ADJUSTABLE LINKAGE BARS
The function generation problem is specified as follows: function f (x) = y is to be generated by a linkage in a certain range of x; the input and output angles of the linkage need to be proportionally related to the variables x and y, respectively. Because the function generated by a four-linkage bar can only match the expected function at limited precise points, an adjustable linkage structure is used. Fig. 5 shows the principle design of Zhou [8] , which includes an assistant bar to adjust the pivot position. This design contains two additional bars and a passive bar, forming a local parallelogram to transfer the output rotation. For the adjustable linkage to properly generate the desired function, some parameters must be properly synthesized by the designer. The independent design variables are denoted as follows:
where θ 0 and ϕ 0 are the initial input and output angle values respective to the variables x 0 and y 0 as shown in Fig. 5 , and the length of the input link r 2 is set to 1. For the entire x range, the required value of the adjustable angle δ is computed and used to transfer the pivot position for perfect function generation. The range δ is the optimization objective and can be calculated from the required maximum and minimum δ values
The kinematic equations related to the structure are detailed in Norton [39] and Zhou [8] .
In the work of Zhou [8] , a local optimum solver, the constrained nonlinear minimization algorithm fmincon, in the optimization toolbox of MATLAB was used to optimize the synthesis problem. In this paper, the TSCGA was used to explore a global solution for the same optimization problem. Two synthesis examples, the sin function and the log function were studied. In the sin function, the desired function was y = sin(x) over 0 • ≤ x ≤ 90 • . The input and output rotation ranges were specified as θ = 120 • and ϕ = 60 • . The genetic parameters in this case were a parent number of 100, an offspring number of 80, a crossover rate of 1.0, a mutation rate of 0.1, and an evolutionary loop count limited to within 5000. Tables 1 and 2 lists the synthesis results of the desired functions, which contain the parameters of the linkage structures explored by the local optimization method and the TSCGA. From the tables, the local optimization method only found a single solution while generating either sin or log function but the TSCGA can explore more solutions by maintaining a set of population with diversity. Fig. 6 shows the adjustment curves of δ in the explored solutions of the TSCGA. In the two function generation problems, the solutions of TSCGA dominate those of the local optimization method. As shown in Tables 1 and 2 , there are total 16 designs explored while generating the sin function, and in the log function, 8 designs are obtained. These distinct solutions can be used for the final design choice.
1) SOLUTION MULTIPLICITY

2) PRECISE SYNTHESIS
Besides the solution multiplicity, the TSCGA can obtain more precise solutions. In the sin function, the optimal adjustment range in the local solution was 0.13983; the solution #3 by the TSCGA improves this to 0.07587, or approximately 54% of the local solution range. The required continuous adjustments of δ in the TSCGA solution #3 for the exact synthesis problem are shown in Fig. 7 . If a fixed pivot is used, then an exact synthesis cannot be obtained, and a structural error will occur. However, as shown in Fig. 8 , the optimal structural error based on a fixed-pivot rule in the local optimum method is 0.00131, which is occurred at the pivot value of δ = 175.69 • , and the value was also improved to 0.00084 by setting a fixed pivot of δ = 164.54 • .
In the log function, the desired function was y = log(x) over 1 ≤ x ≤ 2. The input and output rotation ranges were specified as θ = 60 • and ϕ = 60 • . Table 2 lists the synthesis result of the desired function. Fig. 6(b) shows the adjustments of δ in all the solutions. In particular, the optimal adjustment range of the local optimization method was 0.04896, and the value is improved to 0.0267 by the TSCGA. The required continuous adjustments of δ in the TSCGA solution #1 for the exact synthesis are shown in Fig. 9 . Fig. 10 shows the structural errors generated by the two methods if the fixed-pivot rule is considered.
In these two examples, the TSCGA method obtained superior results compared to the local optimization method.
B. COLLISION-FREE SYNTHESIS OF THE SIX-LINKAGE BAR STRUCTURE
In the case study, there were three modes to be considered; that is, d = 34, as shown in Fig. 3 . The loading position was (838, −1350), and in the practice, the error allowance range for position locating was limited within 5cm. The positions of the injection holes were vertically set to (−1247, −380), (−1247, −530), and (−1247, −680), but the error allowance range for position locating was limited to 0.5cm. The other design parameters are summarized in Table 3 . The genetic parameters specified in the previous section were also adopted in this case study expect that the execution loop count was set to 50000. Table 4 displays the result of the TSCGA, which contains 32 optimal solutions. All the solutions meet the collisionfree constraints and have the minimal objective values.
1) SOLUTION MULTIPLICITY IN THE SIX-BAR DESIGN PROBLEM
The transferring paths in the different modes are shown in Fig. 11 . These manufacturing curves are diversely distributed in the space.
Based on the solutions, designers have more references to choose the final design. In general, the designer can select a final design through coupling refinements, for example, adjusting the parameter range or increasing additional constraints.
2) MANUFACTURING PATHS IN THE DESIGN
The simulated execution of solution #1 is shown in detail: its manufacturing paths for the operation modes are shown in Fig. 11(d) , in which each path is outside of the obstacle area; in the solution, the values of pairs (r 7 ,θ ,θ ) are (895.5mm, Furthermore, all the acceleration values during operations were within the limited range, and the maximal acceleration value occurred in the third mode with a value of 0.313 mm/sec 2 . The operation paths and its relative acceleration diagrams are shown in Fig. 12 . 
3) SCALABILITY VERIFICATION OF THE PROPOSED APPROACH
Another injection arrangement was used to verify the scalability of the proposed approach. A horizontal arrangement was considered here, in which the loading position was also set to (838, −1350), but the injection positions were set to (−947, −680), (−1097, −680) and (−1247, −680).
Using the same genetic parameters, the result is shown in Table 5 . Fig. 13 shows the manufacturing curves of these solutions. In particular, in solution #1, the values of pairs (r 7 ,θ ,θ ) are (1025.6mm, 2 • , 142. To sum up, the proposed approach can successfully solve synthesis design problems with the multiplicity of solutions, and each mechanism in the design solution can perform precise loading and injection operations in multiple collisionfree manufacturing paths.
V. CONCLUSIONS
In this paper, we used the TSCGA to solve the optimal synthesis of collision-free adjustable six-linkage bars with multipleoperation modes. By formulating the collision-free issue as the constraints and including the kinematical requirements into the fitness evaluation, the proposed approach successfully explored multiple design solutions which synthesized the required different manufacturing paths for the six-linkage bar ladle mechanism, and could precisely locate a single loading position and multiple injection holes with an adjustable bar. Furthermore, this paper studied an adjustable four linkagebar structure that was discussed in the literature. Compared to the local optimization solutions, the proposed evolutionary approach could obtain superior and more precise synthesis results.
Extensions of this work may contain scalability validations for different design requirements of adjustable linkages. For example, the adjustable part is changed to another link or a movable pivot is included as another design variable. The reasoning formulation can be also extended or modified to include multiple design objectives and additional constraints. However, it requires a well-designed multiobjective optimization method to serve as a solver. Now, the Technology Base Corporation (TBC) (http://www.tbc-diecast.com/company.htm) has already been licensed to use the proposed design method to find the optimal synthesis design of adjustable six-linkage mechanisms in metal-mold die-casting systems. 
